Although the onset of the fifth Korotkoff phase (K5, beginning of silence) is widely used among adults as the indicator of diastolic blood pressure (DBP), it is unclear whether K5 or the fourth Korotkoff phase (K4, muffling of sounds) should be used for children and adolescents. The most recent (2004) recommendation 1 is to use K5 for all children and adolescents, but a 2008 meta-analysis found that adult DBP levels show a slightly stronger correlation with childhood levels of K4 than K5. 2 Neither K4 nor K5 correlates strongly with the intra-arterial DBP of children. [3] [4] [5] The recommendations for the assessment of DBP among children in the United States have changed considerably over time. In 1977, the National Heart, Lung, and Blood Institute Task Force Report on Blood Pressure Control in Children recommended that K4 be used for all children and adolescents, 6 whereas the 1987 recommendation was to use K4 only for children aged <13 years. 7 It was acknowledged that in some children, the K4 and K5 phases may occur together and that sounds can sometimes be heard even at 0 mm Hg. 7 Subsequent reports in 1996 8 and 2004 1 recommended that K5 be used as the indicator of DBP for all children and adolescents. Formulas have also been given for levels of systolic blood pressure (SBP) and K5, but not K4, that can be used to standardize a child's blood pressure level for sex, age, and height. 1 There is, however, little longitudinal data available to determine whether the K4 or K5 level, measured by the same observer, is more strongly related to adult hypertension. 9 The purpose of these analyses is to describe, in a large population-based study, the distribution of K4 − K5 differences and the relation of these 2 phases to adult hypertension. We use data from 26,356 examinations of youth aged 5-17 years obtained from 11,525 children in the Bogalusa Heart Study. Of the 2,156 children who were re-examined after age 25 years, 401 were hypertensive.
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Differences Between the Fourth and Fifth Korotkoff Phases Among Children and Adolescents
David S. Freedman, 1 Jennifer L. Foltz, 1 and Gerald S. Berenson 2 background The relative importance of the fourth (K4) and fifth (K5) Korotkoff phases as the indicator of diastolic blood pressure (DBP) levels among children remains uncertain.
methods
In a sample of 11,525 youth aged 5-17, we examined interexaminer differences in these 2 phases and the relation of theses 2 phases to adult blood pressure levels and hypertension. The longitudinal analyses were conducted among 2,156 children who were re-examined after age 25 years. results Mean (±SD) levels of DBP were 62 (±9) mm Hg (K4) and 49 (±13) mm Hg (K5). K4 showed less interobserver variability than did K5, and 7% of the children had at least 1 (of 6) K5 value of 0 mm Hg. Longitudinal analyses indicated that K4 was more strongly associated with adult blood pressure levels and hypertension. In correlational analyses of subjects who were not using antihypertensive medications in adulthood (n = 1,848), K4 was more strongly associated with the adult DBP level than was K5 (r = 0.22 vs. 0.17; P < 0.01). Analyses of adult hypertension (based on high blood pressure levels or use of antihypertensive medications) indicated that the screening performance of childhood levels of K4 was similar to that of systolic blood pressure and was higher than that of K5, with areas under the receiver operator characteristic curves of 0.63 (systolic blood pressure), 0.63 (K4), and 0.57 (K5).
conclusions
As compared with K5 levels among children, K4 shows less interobserver variability and is more strongly associated with adult hypertension.
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METHODS

Study population
The Bogalusa Heart Study focuses on the natural history of cardiovascular disease and its risk factors in a biracial community (1/3 black) in Washington Parish, Louisiana. 10 Seven cross-sectional studies of schoolchildren were conducted between 1973-1974 and 1992-1994 . Informed consent was obtained from all participants, and study protocols were approved by institutional review boards.
Each of these studies examined approximately 3,500 children and adolescents. Of the 26,518 examinations conducted among youth aged 5-17 years, we excluded 137 examinations with missing blood pressure information and 56 examinations because height was missing or race was reported as other than white or black. This resulted in 26,356 examinations conducted among 11,525 children; approximately 60% of the children participated in >1 examination.
To follow these children as they aged, adults were examined in studies conducted from 1977 through 2010, 11 and our longitudinal analyses are restricted to subjects who were re-examined after age 25 years. Of the 5,504 examinations conducted among these adults, we excluded 78 examinations with missing blood pressure data or among women who were pregnant. These exclusions resulted in a group of 2,156 adults aged 25-51 years, and we used data from only their final examination. Of these adults, 401 were considered to have hypertension based on either reported use of antihypertensive medication, SBP ≥140 mm Hg, or DBP ≥90 mm Hg.
Examination methods
The standardized examination procedures used in the Bogalusa Heart Study have been described. 10 Body mass index (BMI) was calculated as kilograms per meter squared, and obesity among those aged 5-17 years was defined as a BMI-for-age ≥95th percentile of the Centers for Disease Control and Prevention growth charts 12 or a BMI ≥30 kg/m 2 . Adult obesity is based on a BMI ≥30 kg/m 2 .
Blood pressure observers, who were monitored throughout the examinations, recorded the onset of the first, fourth (muffling of sounds), and fifth (beginning of silence) Korotkoff phases. Observer training, including audiometric tests and the use of double stethoscopes with 2 mercury columns, was emphasized throughout the study period. 13, 14 Attempts were made to minimize the influence of the emotional state of the child. 15 Cuff sizes were selected according to a protocol based on the circumference and length of the upper arm, using a bladder width as large as possible while leaving room for the stethoscope at the elbow skin crease. 15, 16 Right arm sitting levels of SBP, K4, and K5 were each measured 3 times by 2 observers using a mercury sphygmomanometer. 10, 13 As has been done in previous analyses of data from the Bogalusa Heart Study, 10, 13, 15, 17, 18 we used the mean of the 6 recorded measurements for SBP, K4, and K5. There were 1,962 (7.4%) children who had at least 1 (of 6) K5 values recorded as 0 mm Hg, and most analyses treat these 0 values no differently than any other when calculating the mean K5 value. Only 34 (0.1%) children had all 6 K5 measurements recorded as 0 mm Hg.
The longitudinal analyses, which contrasted the relation of childhood levels of K4 and K5 to adult blood pressure levels and hypertension, also compare our method for calculating mean K5, which treated the 0 mm Hg values no differently than any other recorded value, with 3 other methods. In addition to using all recorded values of K5, we also calculated the mean K5 after (i) excluding the 0 mm Hg values, (ii) replacing the K5 value of 0 mm Hg with the corresponding K4 value, and (iii) replacing the K5 readings <20 mm Hg with the corresponding K4 value. Given 3 recorded K5 values of 0, 15, and 55 mm Hg, for example, the calculated mean K5 under in method 2 would be (1st K4 + 15 + 55) / 3 rather than 23.3 ((0 + 15 + 55)/3) mm Hg. "The Fourth Report on the Diagnosis, Evaluation, and Treatment of High Blood Pressure in Children and Adolescents" 1 recommends that K4 should be used as the DBP if the K5 value remains "very low" after reducing pressure on the stethoscope head.
To increases the comparability of our longitudinal results with those of other studies, the longitudinal analyses are based on the 3 measurements from the first observer (rather than the 6 measurements from 2 observers). Adult DBP is based on K5.
Statistical analyses
Analyses were performed with R. 19 We examined the distributions of the K4 − K5 difference and their relation to the differences between the 2 examiners. Longitudinal analyses, in the cohort of 2,156 children who were re-examined after age 25 years, examined whether levels of K4 and K5 were correlated similarly with adult DBP levels (H0: r K4 vs.
adult DBP = r K5 vs. adult DBP ) among subjects who were not using antihypertensive medications in adulthood. The statistical significance of the differences between correlation was assessed using the paired.r function. 20 To account for differences in childhood levels of blood pressure by sex, age, and height, blood pressure levels in the longitudinal analyses were converted into z scores using formulas from the Fourth Report. 1 We also assessed the potential impact of obesity on the observed associations by using the residuals of various regression models that predicted levels of SBP, K4, and K5 from sex, age, height, and BMI.
The ability of childhood levels of SBP, K4, and K5 to identify adult hypertension (based on use of antihypertensive medications, SBP ≥140 mm Hg, or DBP ≥90 mm Hg) was examined in 2 × 2 tables; 308 of the 401 adults with hypertension reported taking antihypertensive medications. Because only 15 (0.7%) children in these analyses had a mean K4 that was ≥95th percentile given in the Fourth Report 1 and no child had a mean K5 above this cut point, we selected various childhood cut points that resulted in fairly similar prevalences of high childhood levels and adult hypertension (18.6%). Childhood blood pressure levels in Bogalusa, which are based on 6 measurements, are generally lower than in other reports, 3 but many other studies obtain only 1 blood pressure measurement. 21 We also examined the screening performance of SBP, K4, and K5 over all possible cut points by comparing the area under the receiver operator characteristic curves (AUC). 22 These curves account for the trade-offs between sensitivity and specificity across cut points, and AUC can be interpreted as the probability that the childhood blood pressure of a randomly chosen hypertensive adult was higher than the childhood level of a nonhypertensive adult. Differences between AUCs were assessed using the pROC package 23 or by bootstrapping the logistic regression C-statistic. 24 Table 1 shows mean levels of various characteristics among children and adults. The mean (±SD) age of the examined children was 11.2 (±3) years (range = 5.0-17.9 years), and the prevalence of obesity was 9%. Although mean levels of blood pressure did not differ greatly between boys and girls, given the large number of examinations (n = 26,356), most of the observed differences were statistically significant. Boys had slightly higher levels of SBP, but girls had slightly higher levels of both K4 and K5. K4 − K5 differences varied from 0 to 76 mm Hg (mean = 13.4 ± 7 mm Hg). A K5 value of 0 mm Hg was recorded for ≥1 of the 6 measurements at 1,962 (7.4%) examinations and was more likely to occur among boys and younger children. The mean age at examination in adulthood was 36.5 ± 7 years.
RESULTS
The correlation between levels of K4 and K5 was 0.84. Approximately 14% of the children had a K4 − K5 difference ≥20 mm Hg, and 2.5% (the 97.5th percentile) had a difference ≥33 mm Hg (Figure 1 ). The mean K4 − K5 difference was approximately 2 mm Hg higher among youth aged 5-9 years than among youth aged 14-17 years and was 1.5 mm higher among boys than among girls.
The mean interobserver differences were 7 ± 6 (K4) and 10 ± 9 (K5) mm Hg, and both interobserver differences were larger among younger children than among older children. In addition, the K4 − K5 difference was correlated with the interobserver difference for K5 (r = 0.42) but not with the interobserver difference for K4 (r = 0.08). As shown in Table 2 , as the K4 − K5 difference varied from <10 mm Hg to ≥40 mm Hg (2nd column of values), mean levels of K4 and the interobserver difference for K4 did not substantially change. In contrast, the K5 interobserver difference varied by approximately 15 mm Hg across categories of K4 − K5 and the percentage of children with at least 1 K5 value of 0 mm Hg (final column) varied from 0.1% to approximately 97%.
The relation of childhood levels of K4 and K5 to adult (age ≥ 25 years) levels of DBP and SBP are shown in Table 3 for the 1,848 subjects who were not taking antihypertensive medications at follow-up. As compared with childhood levels of K5, levels of K4 were more strongly associated with adult DBP (r = 0.22 vs. 0.17; P < 0.001 for difference). The K4 vs. K5 difference varied somewhat across categories of the examined characteristics, but in no case was adult DBP c Two observers each recorded 3 measurements for each child. *P < 0.01 for sex difference among children or adults. Analyses of sex differences among children accounted for the within-child clustering of levels of BMI and blood pressure using the Huber-White method 23 and multilevel models. 37 more strongly correlated with the childhood level of K5 than with K4. Additional analyses that used regression models to express levels of childhood blood pressure relative to children of the same sex, age, height, and weight yielded very similar results (data not shown).
We then examined the cross-classification of childhood blood pressure with adult hypertension (Table 4) . Based on the use of the 80th percentile of the blood pressure z scores as the cut point for a "high" childhood level, the sensitivities (33%) and specificities (83%) of SBP and K4 were almost identical. In contrast, the use of K5 resulted in a lower sensitivity (28%) at approximately the same specificity (82%). The use of the 75th percentile as the cut point (bottom of table) resulted in a sensitivity of K4 that was 4 percentage points higher (38% vs. 34%) than that of K5.
The performance of childhood blood pressure levels in identifying those who had adult hypertension is shown in Figure 2 , which plots the specificity (x-axis) vs. sensitivity (y-axis) across all possible cut points of the childhood z scores for SBP, K4, and K5. At all levels of specificity, the sensitivities of both SBP and K4 were higher than that of K5. The predictive accuracies, as assessed by the AUCs (Table 5 ), were 0.63 (SBP), 0.63 (K4), and 0.57 (K5); The P values were 0.73 for the difference between SBP and K4 and <0.001 for the difference between K4 and K5. In this analysis, the mean K5 was calculating by including the 0 mm Hg measurements. We found, however, that substituting the recorded K4 value for either the 0 mm Hg K5 values or for those K5 values <20 mm Hg, as well as omitting the 0 mm Hg K5 recordings, increased the calculated AUC for K5 only slightly (lines 4-6 in Table 5 ).
DiSCUSSiON
Although K5 is recommended as the indicator of DBP among children and adolescents, 1 our results indicate that K4 is a better predictor of adult hypertension. Although Values are correlation coefficients between child and adult levels of specified blood pressure z scores. Childhood fourth Korotoff phase (K4) and fifth Korotoff phase (K5) measurements represent the mean of the 3 measurements from the first observer averaged over all examinations.
b K5 was used as the adult DBP. *P < 0.01 for difference in the correlation between K4 and K5. (1) a A high childhood blood pressure z score was defined so that the upper 20% or 25% of the children would be classified as having a high level. The prevalence of adult hypertension was 18.6% and was based on a systolic blood pressure (SBP) ≥140 mm Hg, a diastolic blood pressure ≥90 mm Hg, or reported use of antihypertensive medications. The childhood blood pressure level represents the mean of the 3 measurements from the first observer averaged over all examinations for that subject.
b Standard errors are shown in parentheses.
the differences in the screening performance of K4 and K5
were not large (a 4% difference in sensitivity) at specificities ≥75%, K4 showed a higher sensitivity at all levels of specificity than did K5. Approximately 7% of the examined children had at least 1 (of 6) K5 measurement of 0 mm Hg, and we found that the predictive accuracy of K5 was improved only slightly by either replacing very low K5 readings with the corresponding K4 or by excluding the 0 mm Hg readings from the calculation of mean K5. The guidelines for DBP measurement have changed many times since 1939 when a US-UK committee recommended using K4. 25 The current recommendations to use K5 among children and adolescents is largely based not on the ability of K5 to predict adult levels of DBP or hypertension but on the reported similarity of K4 and K5 levels among most children, and the ease with which K5 can be heard. Sinaiko et al., 26 for example, concluded that the choice of K4 or K5 was relatively inconsequential because of the small differences they observed among youth aged 10-15 years. However, the generalizability of these results, particularly to younger children, is uncertain, and it is likely that examiner training greatly influences the accuracy and precision of DBP measurements. Recent analyses of DBP levels among children have been based on either K4 27 or K5, 28 with little justification of either decision.
In our analyses, we found that the K4 vs. K5 difference was <5 mm Hg for only 4% of the 26,000 examinations and that the mean difference was 13 mm Hg. Other studies of schoolaged children have reported mean K4 − K5 differences of approximately 5, 26 7, 29, 30 [8] [9] [10] 31 and 10 mm Hg. 9,32 Several a All childhood levels were expressed as z scores that accounted for sex, age, and height. Childhood measurements represent the mean of the 3 measurements from the first observer.
b Individuals measurements of 0 mm Hg were included in the calculation of the mean. c Six children were excluded because the 3 K5 measurements were recorded as 0 mm Hg. *P for the difference between the area under the curve for K4 (reference) and the area under the curve for SBP or K5 < 0.05; *P for the difference between the area under the curve for K4 (reference) and the area under the curve for SBP or K5 < 0.001.
Figure 2.
Receiver operator characteristic (ROC) curves for the classification of adult hypertension by childhood levels of systolic blood pressure (SBP), fourth Korotoff phase (K4), and fifth Korotkoff phase (K5). The 3 curves show the sensitivity (y-axis) and specificity (x-axis) of each blood pressure measure at all possible cut points, and a better classifier would have a curve that is shifted upwards (higher sensitivity at the same specificity). Both SBP and K4 were more strongly (P < 0.001) associated with adult hypertension than was K5. The dashed line, which has a slope of −1, indicates the curve that would be expected if there was no relation of childhood blood pressure levels to adult hypertension.
investigators have also observed that it is more difficult to measure levels of both K4 and K5 than SBP. [33] [34] [35] Although it has also been suggested that the assessment of K5 (complete disappearance) is easier than K4 (muffling of sounds), 36 others have emphasized that the K5 measurements can be more difficult because K4 sounds frequently fade rather than abruptly cease. 34 Based on audio recordings of Korotkoff phases among youth aged 11 years (n = 20), O'Sullivan et al. 34 reported that 20% had sounds that persisted to the end of deflation (30 mm Hg).
Few studies of children have examined the relation of K4 and K5 to intra-arterial DBP. A 1963 study of 120 children concluded that the intra-arterial DBP of children was between K4 and K5 5 but that neither was strongly correlated with the true DBP. However, a more recent study of infants and children (aged ≤36 months) found that both K4 and K5 overestimated the intra-arterial DBP, with K4 showing a 5 mm Hg larger mean bias. 4 A relatively low correlation between direct and indirect DBP levels has also been observed in adults. 37 Another consideration is that K5 may be absent among children, and 7.4% of the examinations in our study had at least 1 ( As assessed by the ability to predict adult hypertension, we found that the inclusion of very low K5 values or their substitution with K4 made little difference when estimating the sensitivity and specificity of the mean of 3 measurements. Recent NHANES data exclude K5 measurements of 0 mm Hg from the calculation of mean DBP. 38 Our results concerning the association of blood pressure levels in childhood and adulthood agree well with previous reports. 2, 9, 17, 39 A 2008 meta-analysis of 50 studies, 2 for example, found that the childhood level of K4 tended to be more strongly associated with adult DBP levels than childhood levels of K5, but the difference between correlation coefficients (∆ = 0.035) was not statistically significant. A limitation, however, of this type of analysis is that those adults taking antihypertensive medications are typically excluded, resulting in a nonrepresentative sample. Furthermore, only 2 of the 50 studies included in this analysis measured both K4 and K5 with a follow-up that occurred after age 18 years. In our study, 58% of the adults classified as having hypertension were using antihypertensive medications and did not have elevated blood pressure levels at the examination, and this type of analysis is likely to be superior to excluding those using antihypertensive medications. However, because only 2,156 (of 11,525) children were in the longitudinal analyses and no other cohort study has compared the tracking of K4 and K5 from childhood to adulthood, it would be helpful to know if the DBP differences that we observed also exist in other cohorts.
Attempts were made in the Bogalusa Heart Study to follow the same blood pressure protocol over all cross-sectional examinations. Six measurements were obtained in a relaxed environment, resulting in blood pressures that are generally lower than those in other studies of children, 13 many of which are based on a single measurement. However, because our focus was the K4 − K5 difference, it is uncertain how this could have biased our results. In addition, the observer training included recurring audiometric testing, the use of tapes and films, and interobserver comparisons using double stethoscopes. 13, 14 There may, however, have been methodological differences over the period of data collection, and there was evidence of digit preference, with readings that ended in 0 being recorded 2-3 times as frequently as other values. It is also possible that the observer training, which emphasized the change in pitch at K4, was unable to sensitize observers for the disappearance of sounds. 40 It is also known that even small amounts of pressure on the stethoscope head can lead to artificially low K5 measurements. 33, 36 Although it is also possible that our longitudinal analyses were subject to a participation bias, this seems unlikely because participation would have to be related to the K4 − K5 difference.
Recommendations concerning the use of K4 or K5 as the DBP of children and adolescents have changed considerably over time. Although the assessment of K4 and K5 can be strongly influenced by examiner training, our data suggest that K4 should be used as the indicator of DBP among children and adolescents because it shows less interobserver variability and is more predictive of adult hypertension.
